Some effects of the external pH on Ca channels were studied in a hybridoma cell line (mAb-7B), by using the whole-cell configuration of the patch-clamp technique. As the pH was lowered, both the activation and the inactivation curves shifted toward less negative membrane potentials, suggesting a pH-induced decrease of an external negative surface potential, sensed by the mechanism of gating. The potential for half-activation, V1/2, and that for half-inactivation, Vh, were related by a straight line with a slope of one. The inward current varied exponentially with V1/2, as would be expected if the field inside the channel and the Ca2 concentration at the entrance were sensitive to the surface potential. However, the reversal potential and the outward current were unaltered by changes in the pH. Under the hypothesis that the channel senses the surface potential, all these results, as well as the nernstian behavior of the reversal potential with respect to Ca2+, observed in previous studies, are accounted for by a three-barrier, two-ion model for a channel, provided it is assumed that the potential in the channel drops almost entirely across the barrier adjacent to the external solution.
Voltage-gated Ca channels are found in hybridoma cell lines constructed by fusion of mouse myeloma cell line S194 and mouse splenic B lymphocytes (1) . Voltage-clamp type analyses revealed that the current through the channel is carried in the inward direction by external Ca ions and in the outward direction by internal alkali cations. No other types of voltage-gated ion channels were found in these cells (2) .
In the present experiments, the pH of the external solution was changed keeping all other external and internal ion concentrations constant. The gating kinetics of the membrane current shifted in the positive direction along the voltage axis when the external pH was reduced. This indicates that the surface potential is altered by the external H+ concentration and that the potential changes are sensed by the gating mechanism. The aim of this work is to investigate whether or not a similar surface potential is also sensed by the channel itself. In studies of Ca channels some investigators have simply assumed that surface potential changes alter the field in the channel as well as in the surrounding lipid area, whereas others have asserted that only gating is altered, not the channel conductance. In most cases the assumptions had no clear experimental support. The same question has also been raised for the Na channel, leading to different conclusions depending on the type of preparation (3, 4) . The conclusion that the Na channel in the node of Ranvier does not sense the surface potential (4) has been deduced from the behavior of the outward current, which was found to be insensitive to the ionic strength and the external pH. Difficulties in isolating the outward current have been the major obstacle to performing equally significant experiments with Ca channels.
However, in the present preparation we can record clear outward currents flowing through the Ca channel, which constitutes a great advantage for studying these currents as a function of the external pH. METHODS A hybridoma cell line (mAb-7B) constructed by fusion of S194 mouse myeloma cells and mouse splenic B lymphocytes was used. The cell line secretes immunoglobulin M. The whole-cell variation of the patch-electrode voltage clamp was used. The details of the technique were similar to those described (2, 5) . The whole-cell-clamp condition was always established in the external solution at pH 7. After altering the external pH, recordings were made again at pH 7 to confirm a reasonable recovery. Recording was started at least 10 min after the whole-cell-clamp condition was established. The external solution had the following composition: 150 mM NaCl, 2.5 mM CaCl2, 1 mM MgCl2, 5 mM KCl, 10 mM Hepes, 10 mM Mes, 10 mM 2-(N-Cyclohexylamino)ethanesulfonic acid (Ches), and the pH was adjusted to 9, 8, 7, 6, or 5 by adding either NaOH or HCl. For pHs below 5, Mes and Ches were replaced by 20 mM sodium hydrogen phthalate, and the required pH was obtained by adding NaOH. The composition of the internal solution was 155 mM NaOH, 40 mM HCl, 95 mM aspartic acid, 2 mM ATP-Mg, 0.1 mM cyclic AMP, 2 mM theophylline, 1 mM MgCl2, 5 mM EGTA, and 10 mM Hepes, with the pH adjusted to 7.3 by adding HCl. All experiments were performed at room temperature (24-260C).
RESULTS
pH Alters the Surface Potential. Membrane currents, produced by positive voltage pulses of varying amplitude by using an external solution at pH 7, are shown by the traces in Fig. 1B . Recordings in Fig. 1 A, C, and D were obtained from the same cell when the pH was altered to 6, 8, and 9, respectively. These effects were reversible. Current-voltage relations at the peak of the membrane current are shown in Fig.  2 . The results show: (i) Both the beginning and the peak of the inward current were displaced toward less negative membrane potentials as the pH was reduced. This indicates that the voltage dependence of the gating-kinetic shifts along the voltage axis as the external pH is altered. (ih) The reversal potential and the current-voltage relations at the peak outward current were unaffected by pH in this range.
The Ca channel in the present preparation shows voltagedependent inactivation (2) . It has been shown that the relationship between steady-state inactivation, h., and the holding membrane potential, V, is expressed by h.. = [1 + exp(V -Vh)/v)]-1, where Vh is the membrane potential at which h. becomes 1/2 and v is about 4 mV. The voltage dependence of h. was obtained in the same cell at pH 6, 7, 8, and 9 and is shown in Fig. 3A . The curves were calculated from the above equation with v equal to 3.8 mV. As the pH is low- ered, the curve shifts along the voltage axis in the positive direction.
The current-voltage relation at the peak of the inward current also shifts along the voltage axis as the pH is altered (Fig. 2) . The potential V1/2 is defined as the membrane potential at which the peak inward current becomes 1/2 of its maximum value. In order to compare the shift of the activation to that of inactivation, Vh was plotted against V12 in Fig.  3B , showing a linear relation with a slope of 1. These results indicate that protonation reduces the amplitude of the negative surface potential and that this effect is sensed by the gating mechanism.
Reduction of the Inward Current. The amplitude of the inward current, carried by the external Ca2+ at a given membrane potential, decreased as the external pH was reduced. In the pH range studied, 6 to 9, this effect is likely due to reduction in the amplitude of the negative surface potential rather than to blockage of the Ca channel, since no reduction is seen for the outward current.* *The outward current started to decrease only when the pH was below 5.5. When it was 4.5, the voltage-gated current became unrecognizable, and the leakage conductance increased significantly. This change, however, could be reversed by raising the pH to higher values, implying that some other type of conductance increase occurs when the pH is lowered below 4.5. It was thus impossible to obtain a titration curve of the Ca channel and to determine the pK; although it seems reasonable to conclude that it must be lower than 5. If one assumes that the channel does not sense the surface potential, this decrease of the inward current, as the pH is lowered, would simply be due to reduced activation. However, if the channel does sense the surface potential, a decrease of the Ca2+ concentration at the mouth of the channel, due to a shift of the surface potential in the positive direction, would also be expected to occur and contribute to the reduction of the current.
To distinguish between these two alternatives, it is pertinent to analyze the current at different pH values for V equal to V1/2, or V1/2 + AV, AV being a fixed potential increment. When the membrane potential is V1/2 (or, in general, V1/2 + AV), the number of open Ca channels is generally considered to be the same regardless of the surface potential, since the gating mechanism senses this potential. The currentvoltage (I-V) relation at V1/2 obtained from the same cell at different pH values would then be simply proportional to the I-V relation of the single open channel. Thus, if the surface potential is not sensed by the channel, different currents at V1/2 would mainly reflect different potentials across the channel. However, if the channel does sense the surface potentials, the potential drop across the channel would always be the same when V = V1/2; in which case, differences in the currents would be expected to reflect different ion concentrations at the entrance to the channel. If the Ca2+ concentration at the external mouth of the channel is related to that of the bulk solution, CCa, and to the surface potential, O., by Ccae-20% and if the conductance is proportional to that concentration, a linear relation with a slope of RT12F, or 12.5 mV, is expected between log I and 4s where R is the molar gas constant, T is temperature, and F is the Faraday constant. Even though As is not known, it can be realized that a similar relation is also expected between log I and V1/2 (or V112 + AV), since, when the channel senses the same potential as gating, differences in V1/2 should correspond to equal differences in 4, In Fig. 3C, [1] where Xc is the potential drop across the interior of the channel.
Probably, a similar surface potential also exists at the inner mouth of the channel. However, since it may be relatively insensitive to changes in the external pH, we shall, for simplicity, ignore its effects and assume it is zero.
Using the Boltzman distribution, the concentration of ion i at the external mouth of the channel, C,, will be related to that in the bulk, C;', by C, = C-le-zibs same cell at pH of 6, 7, 8, and 9, was plotted against the membrane potential, indicating that the behavior of the inward current is consistent with the assumption that the ion concentration near the channel varies with the surface potential.
In contrast, the reversal potential is unaltered by pH, and so is also the I-V relation at the peak of the outward current.
[21 general, both the current and the reversal potential will depend on the surface potential, Us, and hence on the pH. To obtain a better idea of this dependence, it is useful to analyze the limiting behavior of the outward current at high positive potentials. In this region, the inward Ca2+ current will be negligible, and the probability of channel opening will have reached its maximum value, Pmax. By only keeping the steepest positive exponentials in Eqs. 5 and 6, one finds
With the aid of the assumptions stated above, using the notation specified in Fig. 4 for the rate and equilibrium constants for Ca2+, and denoting by p+ the rate constant for the monovalent cations, one finds Mca = -2FP(OCXCaCaCae-TV e(Ty3)0'. It is now interesting also to examine the zero-current potential, when y = 1. Considering that 40 is positive and that
Us is negative, and recalling that a = /3 = 0, we shall use the following approximation in Eq. 5
[8]
which holds approximately when e(t-OS) 2 10.
In this case, the condition that ICa + I' = 0 yields {-2Xca!CaCCae-'o + -a p+(C+'e'o -C+')
x [LCa e2'o + KCaCCa]I e-2ks = 0, [9] showing that, when y = 1, also the reversal potential, O., is expected to be independent of U,. tThis restrictive condition for y is related to the arbitrary assumption that the position of the barrier peak for the monovalent cations, E, coincides with that of the central barrier for Ca2" (E = a + 0/2). If this assumption is released, and E is allowed to take any value between 0 and 1, the condition under which the outward current would be expected to be independent of the surface potential, 0s, becomes y = 1 -E/2. Note that though this condition is less restrictive than y = 1, it nevertheless still requires that y 1/2, implying that the "electrical distance" between the two sites for Ca?+ cannot be larger than 0.5. then became interesting to consider the possibility that potential shifts are sensed also by the channel, and to investigate whether this hypothesis could be reconciled with the observation that both the outward current and the reversal potential are insensitive to changes in the external pH. The analysis in the previous section shows that, within the frame of the assumptions of our model, the outward current becomes indeed independent of the surface potential, A,, if y = 1; namely, if the potential drop across the external barrier is almost equal to that across the whole channel. In this case, also the reversal potential, 4O, is independent of 4s; provided, however, that also the condition expressed by approximation 8 is satisfied. Since the reversal potential shown in Fig. 2 is about 28 mV for 2.5 mM Ca2+, it is easy to realize that this condition will be satisfied for Cca . 2.5 mM if Vs < RT/F (-In 10 + 1.1) = -30 mV, which is a reasonable range for surface potentials in negatively charged membranes.
Thus, if y 1 and V, ' -30 mV, the reversal potential becomes independent of V, and can be calculated by solving Eq. 9, which is of the fourth order in es0. An Thus, the reversal potential is insensitive to As, and hence to the pH, and also depends on external Ca2+ in a nernstian way. The first of these predictions is verified by the data in this paper, while the second is in good agreement with previous results (2). Eq. 11 also predicts a slow dependence of the potential on the internal concentration of the monovalent cations, and no dependence on that of the external ones; the latter prediction also being in agreement with previous studies (2) . This work is supported by Public Health Service Grant NS/09012
and a Muscular Dystrophy Association of America grant to S.H.
